• Generation of a novel transgenic mouse model of the "aged brain".
a b s t r a c t
The aged population is growing rapidly, which has sparked tremendous interest in elucidating mechanisms of aging in both the body and the brain. Animal models have become an indispensable tool in biomedical science, but because of the cost and extended timeframe associated with aging animals to appropriate time points, studies that rely on using aged animals are often not feasible. Somewhat surprisingly, there are relatively few animal models that have been specifically engineered to mimic physiological changes known to occur during "normal" aging. Developing transgenic animal models that faithfully mimic key aspects of aging would likely be of great utility in studying both age-related deficits in the absence of overt pathology as well as an adjunct for transgenic models of diseases where aging is a primary risk factor.
In particular, there are several alterations in the aged brain that are amenable to being modeled genetically. We have focused on one key aspect that has been repeatedly demonstrated in aged animals -an increase in the L-type voltage-gated calcium channel Ca V 1.3. Here we present a novel transgenic mouse line in which expression of Ca V 1.3 is increased by approximately 50% in the forebrain of young mice. These mice do not display any overt physical or non-cognitive deficits, exhibiting normal exploratory behavior, motor function, and affective-like responses, suggesting that these mice can be successfully deployed to assess the impact of an "aged brain" in a variety of conditions. © 2016 Elsevier B.V. All rights reserved.
Introduction
As people age, they often experience declines in physical, physiological, and mental function which not only reduce the lifespan but also adversely impact the quality of life. The aged population is one of the fastest growing segments of society, which has been predicted to double in size by the year 2050, potentially representing over 20% of the total population in the United States [1] . As such, there has been increased interest in elucidating mechanisms that underlie age-related alterations so that potential therapeutic inter- ventions can be identified and developed to ameliorate declining function.
Animal models have become an invaluable tool in biomedical science, and are used to study myriad aspects of biological mechanisms. Often, animal models are generated by introducing mutations into the genome to alter the function of target proteins or processes or to replicate mutations linked to specific human disease states. The "aged" phenotype, however, comprises a constellation of various changes throughout the body and brain that are complex and often interdependent, making it difficult to produce an accurate model. Thus, researchers interested in studying aging often have to literally "age" animals, simply waiting for them to reach a time point that is comparable to that of interest in humans. In the case of rodents, which are commonly used as animal models, this time point is generally 2-3 years, making this a very time-consuming and expensive experimental design.
One approach that has been taken in order to accelerate the time frame necessary for generating phenotypically aged mice is selective breeding. The senescence-accelerated-prone (SAMP) mouse lines were established by continuous interbreeding of littermates, which were selected on the basis of early senescence, shortened lifespan, and the development of age-associated pathologies, for many successive generations [2] . This process yielded a number of separate lines that each mimic specific characteristics of aged animals, including both physical deficits and cognitive deficits [3] . However, it is important to note that while these mice mimic some aspects of aging, it is difficult to determine whether the same mechanisms that underlie aging are contributing to the deficits observed in the SAMP mice. Thus, alterations in the expression, activity, and/or function of genes and proteins in the SAMP lines need to be validated by comparison to control mouse lines. While this represents a powerful unbiased method for identifying potential targets of interest, the selection of the "control" mouse line(s) introduces another significant caveat. Because the SAMP lines are a result of selective breeding, all mice in these lines are senescenceaccelerated; therefore, there are no unaffected littermates to use as controls. Instead, control mice must be selected from other (genetically inbred) lines, each of which may have distinct mechanisms that contribute to an "aged" phenotype resulting in different catalogs of potential targets depending on the "control" chosen. A final crucial point is that each of the SAMP lines generally comprises multiple alterations that may contribute to the observed phenotypes. While this is similar to aging in which multiple factors likely interact to produce observed deficits, it confounds the understanding of the mechanism(s) responsible for specific age-related impairments. For example, the SAMP8 mouse line has garnered considerable interest because these mice exhibit cognitive deficits (particularly in learning and memory), which is a hallmark of aging in humans [4, 5] . However, these mice display both an increase in oxidative stress as well as an increase in amyloid beta [5] , making it is difficult to determine which mechanism is responsible for the deficits in learning and memory, and, moreover, to precisely elucidate the relative contribution of these processes to the cognitive decline that is observed in aged subjects.
In light of these limitations, our goal was to design a mouse model in which functional as well as mechanistic aspects of brain aging could be interrogated. There are many well-documented agerelated changes that occur in the brain [6] [7] [8] and a number of these alterations could be modeled transgenically. We have chosen to focus our initial efforts on one key aspect of the aged brain: dysregulation of neuronal calcium (Ca 2+ ) homeostasis [9] [10] [11] . As a ubiquitous signaling molecule [12, 13] , a crucial regulator of gene transcription [14, 15] , and a critical modulator of both neuronal excitability [16] and plasticity [17] , even small changes in Ca 2+ homeostasis can significantly alter brain function. Several lines of evidence support the idea that Ca 2+ homeostasis is dysregulated in the aged brain and that this contributes to age-related impairments in brain function (for example, the deficits in learning and memory that are often observed during aging), even in the absence of overt pathology. Calcium imaging experiments in the hippocampus showed that neurons from aged rats exhibited a significantly larger increase in intracellular Ca 2+ concentration in response to depolarization than neurons from young rats [17] . This difference was only observed when the neurons fired action potentials, which suggested that the high voltage-activated class of voltage-gated calcium channels was involved [17] . Indeed, additional electrophysiological experiments demonstrated that the increase in whole-cell calcium currents was a result of an increase in the density of L-type voltage-gated calcium channels (L-VGCC) [18] . Further, the magnitude of the increase in calcium current and channel density was correlated with the degree of cognitive impairment in a hippocampus-dependent learning and memory task (the Morris water maze) [18] . Another line of evidence comes from electrophysiological recordings of the slow afterhyperpolarization (sAHP), a key determinant of neuronal excitability [19] , which has been shown to require activation of L-VGCCs [20] [21] [22] [23] . The sAHP in neurons from aged animals is significantly increased relative to that in young animals [24] [25] [26] [27] , consistent with the model of an increase in the number of available L-VGCCs that in turn activate more of the current underlying the sAHP. Interestingly, the magnitude of the sAHP recorded from hippocampal neurons has also been shown to be correlated with the degree of impairment in hippocampus-dependent learning and memory tasks (trace eyeblink conditioning and trace fear conditioning) -animals with a larger sAHP are impaired relative to those with a smaller sAHP [28, 29] .
There are two primary L-VGCC pore forming subunits that are expressed in the mammalian brain: Ca V 1.2, which comprises ∼80% of the total L-VGCC expression, and Ca V 1.3. While these subtypes have unique subcellular distributions [30] , distinct electrophysiological properties [31] , and have been implicated in different physiological roles [32] , they cannot be differentiated by pharmacological agents. Thus, one approach that has been used to distinguish between the roles of these two L-VGCC subtypes is to generate transgenic mice lacking either Ca V 1.2 or Ca V 1.3. Previous work from our lab has suggested that the age-related increase in the sAHP is predominated by Ca V 1.3 because genetic deletion of Ca V 1.3 significantly reduces the magnitude of the sAHP [16, 33] , whereas deletion of Ca V 1.2 does not appear to impact the sAHP [16] . Researchers have also used molecular and biochemical techniques to elucidate the contribution of the L-VGCC subtypes to the observed age-related increase in calcium current and channel density. The majority of work, which has been performed in the hippocampus of rats, has revealed an increase in the amount of Ca V 1.3 mRNA [34, 35] and/or protein [36, 37] , although recent evidence suggests that surface levels [38] and/or phosphorylation [38, 39] of Ca V 1.2 may be increased in some hippocampal subfields. However, single-cell analysis using reverse transcription polymerase chain reaction (RT-PCR) showed that the magnitude of the increase in Ca V 1.3 mRNA from individual hippocampal neurons correlated with the magnitude of the recorded calcium current [34] , and additionally, the increase in Ca V 1.3 protein expression has been shown to be inversely correlated with the degree of impairment in the Morris water maze [37] . Further, aged mice, unlike aged rats, do not exhibit increased phosphorylation of Ca V 1.2 (at serine-1928), which can increase the calcium current mediated by this channel, nor do they exhibit changes in expression levels of Ca V 1.2 [27] .
Taken together, the available evidence, especially in mice, strongly suggests that an increase in Ca V 1.3 is a primary contributor to the age-related dysregulation of neuronal calcium that underlies brain aging. In light of these observations, we have designed a novel line of transgenic mice that are engineered to over-express Ca V 1.3 in excitatory forebrain neurons, including the hippocampus and cortex. Here we describe the generation of these mice and their initial behavioral characterization, which demonstrates that they have no overt physical or non-cognitive deficits. Thus, we anticipate that these mice will be useful in studies investigating the putative role of Ca V 1.3 in "normal" brain aging as well as in studies aimed at determining the impact of age-related dysregulation of Ca 2+ homeostasis on diseases in which age is a primary risk factor.
Materials and methods

Transgene construction and generation of transgenic mice
The general cloning strategy is similar to that previously described [40, 41] . The original construct (sHA-Ca V 1.3a; a kind gift from I. Bezprozvanny, University of Texas Southwestern Medical Center, Dallas, TX) was provided in a pCDNA6/V5-hisB plasmid and contained the full length rat Ca V 1.3 cDNA that included a surface-expressed hemagglutinin (HA) epitope, which has previously been shown not to affect protein folding, trafficking to the cellular membrane, cell surface levels, or channel function [42, 43] . The pCDNA6/V5-hisB/sHA-Ca V 1.3a plasmid was initially modified to replace the 5 NheI site just adjacent to the ATG start codon with an XmaI site and a 3 flanking SacII site was converted to an FseI site. These sites were used to excise the full length transgene, which was subsequently ligated into the multiple cloning site (MCS) of pNN265 that had been previously modified by the addition of a XmaI site 5 adjacent to an existing FseI site. Thus, the resulting plasmid contained the full length Ca V 1.3HA transgene flanked by both a 5 and a 3 synthetic intron, which were included to help stabilize the mRNA and increase transgene expression during transcription [44] . In addition, the 3 synthetic intron contained the a poly(A) signal from simian virus 40 necessary for mRNA translocation out of the nucleus. The Ca V 1.3 transgene and synthetic UTR sequences (a 7218 bp fragment) were excised from the plasmid using two NotI sites that flanked the entire construct. This fragment was gel purified and subsequently cloned into a NotI site downstream of the full-length (8.5 kb) rat alpha Ca 2+ /calmodulin-dependent protein kinase II (␣CaMKII) promoter in vector pMM403 (both pNN265 and pMM403 were kindly provided by M. Mayford, The Scripps Research Institute, La Jolla, CA). We elected to use the ␣CaMKII promoter because it has been shown to effectively localize transgene expression to forebrain glutamatergic neurons [40, 41] . The resulting plasmid (pJNS01) containing the ␣CaMKII promoter, the 3 and 5 synthetic UTRs, and the Ca V 1.3HA sequence, was approximately 18 kb in size. Proper orientation of the transgene was confirmed by sequencing.
Approximately 50 g of pJNS01 was digested with SfiI, removing the pBS backbone fragment (3 kb) which originated from pMM403. The injection construct (15 kb), which included the ␣CaMKII promoter, synthetic UTRs, and Ca V 1.3HA cDNA (Fig. 1A) , was purified using the SNAP UV-Free Extraction Kit and sent to the University of Michigan Transgenic Core for pronuclear injection into fertilized C57BL/6 eggs that were then transferred into C57BL/6 pseudopregnant female mice.
Genotyping
Mice were genotyped for the presence of the Ca V 1.3HA transgene by polymerase chain reaction (PCR). After tail samples were digested overnight at 55 • C in One-Step Tail Buffer (50 mM KCl, 10 mM Tris-HCl, 0.1% Triton X-100, 0.15 mg/mL Proteinase K, pH 9.0), PCR was performed using GoTaq Green Master Mix (Promega, Madison, WI) with the following parameters: initial denaturation for 5:00 at 94 • C, 30 cycles (0:30 at 94 • C, 0:30 at 60 • C, 1:00 at 72 • C), and final elongation for 5:00 at 72 • C. Primers for transgene were designed to span a ∼350 bp region in the synthetic 3 UTR (Fig. 1A) , which ensured that endogenous Ca V 1.3 DNA would not be detected. Primers for ␤-actin, spanning ∼250 bp, were also included as a control for the presence of DNA in the tail sample. Transgene primers were (CCACACCTCCCCCT-GAACCTGAAACATAA) and (TGGAGGGTGTAATGAGTTCGGAGAC). Primers for ␤-actin were (CTCTCAGCTGTGGTGGTGAA) and (GCTC-CCATTCATCAGTTCCATAGGT).
Mice that were genotyped as positive for the Ca V 1.3HA transgene are herein referred to as Ca V 1.3HA mice, and mice that were genotyped as negative for the Ca V 1.3HA transgene are referred to as wild-type (WT) mice. All mice were fed ad libitum and kept on a 14:10-h light:dark schedule, with husbandry provided by the veterinarians and staff of the Unit for Laboratory Animal Medicine (ULAM) at the University of Michigan. Experimental procedures were approved by and performed in accordance with the University of Michigan Committee on Use and Care of Animals (UCUCA).
Western blot analysis
To detect the presence of the Ca V 1.3HA transgenic protein, Western blotting was performed on membrane fractions prepared from Ca V 1.3HA and WT littermate mice. After being deeply anesthetized using isoflurane (VetOne, Boise, ID), each mouse was decapitated and the brain was rapidly removed, bisected, and placed in a petri dish submerged in ice-cold phosphate-buffered saline (PBS; 20 mM phosphate, 150 mM NaCl, pH 7.4). The hippocampus, cortex, and cerebellum were isolated and placed in separate 1.5 mL microcentrifuge tubes containing 500 L of icecold HEPES sucrose EDTA buffer (HSE; 10 mM HEPES, 350 mM Sucrose, 5 mM ETDA) with a protease inhibitor (cOmplete; Roche Diagnostics, Indianapolis, IN). Samples were homogenized with a pestle and centrifuged at 6000 rpm at 4 • C for 5 min. The resulting supernatant was then transferred to a 10.4 mL ultracentrifuge tube containing HSE buffer, and centrifuged at 100,000g at 4 • C for 1 h. The supernatant was carefully removed, and the pellet was resuspended in 200 L HSE buffer with cOmplete protease inhibitor and 1% Triton X (Sigma-Aldrich, St. Louis, MO) to solubilize membranes proteins. Protein quantification was performed using the Bradford assay (Bio-Rad, Hercules, CA) with bovine serum albumin (BSA) as a standard. Samples were solubilized in Laemmli Buffer (Bio-Rad Hercules, CA), then boiled for five minutes at 95 • C to denature the proteins. Proteins (20-30 g total protein loaded per lane) were separated on a 7.5% SDS-PAGE gel (Bio-Rad, Hercules, CA) run at 65 V for 3 h, and then transferred to a PVDF membrane overnight. To detect transgenic protein, the gel was first incubated overnight at 4 • C with mouse anti-HA primary antibody (1:1000; Covance, Princeton, NJ), then washed 3 times for 10 min each in PBS with 0.1% Tween 20 (Sigma-Aldrich, St. Louis, MO), and finally incubated at room temperature for 1 h with horseradish-peroxidase (HRP) conjugated goat anti-mouse secondary antibody (1:5000; Bio-Rad, Hercules, CA). Following additional washes (3 × 10 min in PBS with 0.1% Tween 20), immunoreactivity was visualized using Amersham Prime ECL (GE Healthcare, Waukesha, WI). To generate a loading control, the blot was then stripped and reprobed with mouse antitransferrin primary antibody (1:500; Invitrogen, Carlsbad, CA) and HRP-conjugated goat anti-mouse secondary antibody (both using the same protocols as above). The blot was again visualized using Amersham Prime ECL.
To detect Ca V 1.3 protein (both endogenous and transgenic), Western blotting was performed on samples prepared from Ca V 1.3HA and WT littermate mice. After being deeply anesthetized using isoflurane, each mouse was decapitated, the brain was rapidly removed and then submerged in ice-cold artificial cerebrospinal fluid (aCSF, in mM: 120 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 2.5 CaCl 2 , 1 MgSO 4 , 10 glucose, 0.4 ascorbic acid, pH 7.3). The forebrain was harvested, transferred to a Dounce tissue grinder containing 1 mL ice-cold HSE buffer with cOmplete protease inhibitor, and homogenized. Homogenates were then centrifuged at 5000 rpm at 4 • C for 5 min after which the supernatant was moved to a new tube and the pellet was discarded. Protein quantification was performed using the Bradford assay with BSA as a standard. Samples were solubilized in Laemmli Buffer and boiled for five minutes at 95 • C to denature the proteins. Proteins (25 g of total protein loaded per lane) were separated on a 4-15% gradient SDS-PAGE gel (run at 65 V for three hours) and then transferred to a PVDF membrane overnight. Before antibody incubation the membranes were cut at approximately 100 kD; then, the section containing the larger proteins was incubated overnight at 4 • C with rabbit anti-Cav1.3 primary antibody (1:3000; [45] ), while the section containing the smaller proteins was incubated overnight at 4 • C with rabbit anti-␤-actin (1:2000; ThermoFisher Scientific, Wayne, MI), which served as a loading control. After primary antibody incubation, membranes were washed 3 times for 10 min each in PBS with 0.1% Tween 20, and then incubated at room temperature for 1 h with HRPconjugated goat anti-rabbit secondary antibody (1:5000; Milipore, Temecula, CA). Following additional washes (3 × 10 min in PBS with 0.1% Tween 20), immunoreactivity was visualized using Amersham Prime ECL (GE Healthcare, Waukesha, WI).
Neurobattery
At least one week before the start of behavioral characterization, mice were moved to a holding room near the behavior testing facilities so they could acclimate. The same cohort of mice, which consisted of Ca V 1.3HA (n = 13) and WT (n = 18) littermates ranging in age from 3 to 5 months (average age: Ca V 1.3HA = 3.5 ± 0.2mo, WT = 3.4 ± 0.1mo), was used for all of the behavioral testing. Experimenters were blind to the genotype of the mice during behavioral testing. All testing was performed at approximately the same time each day, during the animals' light cycle.
Open field
The open field arena was a 71 × 71 cm white acrylic box placed in a room lit by indirect white light. Mice were singly placed in the center of the box and allowed to explore for five minutes, during which time activity was recorded with LimeLight2 software (Actimetrics, Evanston, IL). The arena was thoroughly cleaned with 70% ethanol between each trial. For analysis, the arena was divided into an "edge" zone (a 10 cm perimeter at the periphery of the arena, next to the wall) and a "center" zone, and distance traveled as well as time spent in each zone were computed by LimeLight2.
Light/dark box
The light/dark box was a 46 × 37 cm rectangle made of acrylic placed in a room lit by indirect white light. The box was divided into two zones: a dark zone (approximately 1/3 of the total area), made of black acrylic with a black lid that remained closed, and a light zone (approximately 2/3 of the total area), which was made of white acrylic and was open at the top. A small opening in the center of the black acrylic wall separating the two zones allowed mice to cross from one zone into the other. Mice were singly placed in the center of the light zone and allowed to explore for five minutes, during which time activity was recorded with LimeLight2. The open field was thoroughly cleaned with 70% ethanol between trials for each animal. The percent time spent in each zone and the number of transitions (crossings) between the light and dark zones were analyzed using LimeLight2.
Rotarod
Mice were placed on a rotating rod that accelerated from 4 to 40 rpm over a five-minute time period (Stoelting, Chicago, IL) in groups of up to five (each cage of mice was run together, with 2-5 mice per cage), separated by dividers. Mice were given five trials over the course of one day, with approximately 1.5 h between each trial. Latency to fall was recorded by the experimenter, with a maximum of five minutes per trial.
Data analysis
ImageJ (National Institutes of Health, Bethesda MD) was used to analyze pixel density of Western blot images. Data collected from behavioral experiments was analyzed with LimeLight2 software. StatView (SAS Institute Inc., Cary, NC) or GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA) was used to calculate statis-tical significance (␣ = 0.05) using Student's t-test, 2-factor ANOVA, or repeated measures ANOVA, as appropriate.
Results
An increase in expression of the L-VGCC, Ca V 1.3, has been repeatedly demonstrated in the brains of aged rodents [34] [35] [36] [37] and is thought to represent a key aspect of the aged brain [9] [10] [11] . In order to determine the relative contribution of this alteration to age-related changes in brain function without the confounds of other pathologies associated with aging, we generated the Ca V 1.3HA transgenic mouse line to genetically mimic the agerelated increase in Ca V 1.3. Here we describe the establishment and initial characterization of the Ca V 1.3HA transgenic mouse line, showing that there is an approximately 50% increase in Ca V 1.3 in forebrain regions and that these mice have normal baseline behavioral function. Thus these mice represent a useful genetic tool with which to investigate the mechanisms of brain function in a variety of physiological conditions and diseases that are impacted by aging.
Generation of injection construct and transgenic mouse lines
In order to generate transgenic mouse lines, we first synthesized an injection construct, which contained the HA-tagged Ca V 1.3 transgene flanked by synthetic 5 and 3 UTR regions downstream of the ␣CaMKII promoter (Fig. 1A) . Importantly, the surface-expressed HA epitope (located on the extracellular side of domain II; Fig. 1B ) allows the transgenic protein (Ca V 1.3HA) to be distinguished from endogenous Ca V 1.3 protein and the positioning of the HA epitope in this region does not affect the cell surface levels or functional properties of the channel [42, 43] . The synthetic 5 and 3 UTRS were included because they have been shown to help stabilize mRNA and to increase transgene expression during transcription [44] , and also to provide the poly-A sequence needed for mRNA translocation out of the nucleus. We chose to use the ␣CaMKII promoter for two main reasons: 1) the expression of ␣CaMKII (and therefore expression of the Ca V 1.3HA protein) peaks postnatally (around p7-p10) [46] [47] [48] , which limits potential deleterious effects of transgenic protein expression during embryonic development; and 2) the ␣CaMKII promoter has been shown to localize transgenic protein expression to excitatory forebrain neurons in transgenic animals [40, 48] , which confines expression of Ca V 1.3HA protein to the population of neurons in which expression of Ca V 1.3 has been examined in aged rodents [34, 36, 37] . In addition, this minimizes the possibility that transgene expression in the cerebellum might interfere with normal motor function, which could confound behavioral tasks.
The linearized construct was sent to the University of Michigan Transgenic Core for pronuclear injection into fertilized eggs, which were then implanted into C57BL/6 pseudopregnant female mice. Out of 18 individual injection and implantation procedures, 6 pups (4 male, 2 female) that were genotyped as positive for the Ca V 1.3HA transgene (Ca V 1.3HA mice) were obtained. Each one of these Ca V 1.3HA mice (referred to as founders) was paired with a C57BL/6NTac mouse (Taconic Laboratories, Cambridge City, IN) of the opposite sex to establish individual mouse lines. The 2 female founders did not produce any viable progeny, but all 4 male founders produced pups that lived to be weaned. Of these, 3 of the 4 lines contained progeny that were genotyped as positive for the Ca V 1.3HA transgene. However, Western blot analysis detected Ca V 1.3HA transgenic protein expression in only 2 of these 3 lines (see below). Thus, this procedure has established two viable transgenic mouse lines that express exogenous Ca V 1.3HA protein and therefore represent candidates for a mouse model of an aged brain (see Table 1 ). Our initial characterization efforts focused on Ca V 1.3HA mice from line 102. First, we determined the regional specificity of transgenic protein expression by Western blot analysis using an antibody against the HA epitope (anti-HA). To ensure that we were detecting Ca V 1.3HA transgenic protein that had been successfully folded, appropriately trafficked, and inserted into the plasma membrane, we prepared membrane fractions from cortex, hippocampus, and cerebellum of Ca V 1.3HA mice and their WT littermates. A band was detected at approximately 250 kD (the same size as endogenous Ca V 1.3 protein) in both cortical and hippocampal, but not cerebellar, membrane fractions from Ca V 1.3HA but not WT mice ( Fig. 2A) . This experiment demonstrates that transgenic protein expression is restricted to forebrain regions, due to the specificity of the ␣CaMKII promoter, and that the HA antibody specifically detects only transgenic, and not endogenous, protein.
While we predicted that transgene expression would result in an increase in total Ca V 1.3 protein, it is possible that endogenous Ca V 1.3 would be down-regulated in areas where the transgene was expressed, possibly as a result of a compensatory or homeostatic mechanism. Therefore, to measure total Ca V 1.3 protein levels, we performed Western blot analysis on whole brain samples (including cortex and hippocampus, but not cerebellum) using an antibody against Ca V 1.3 (anti-Ca V 1.3), which will identify both endogenous Ca V 1.3 and transgenic Ca V 1.3HA protein. A band was detected at approximately 250 kD in both Ca V 1.3HA and WT mice, demonstrating the presence of Ca V 1.3 in both genotypes, but more protein was evident in the lane from Ca V 1.3HA mice (Fig. 2B 1) . This strongly suggests that expression of the Ca V 1.3HA transgene did not cause down-regulation of endogenous Ca V 1.3 protein and instead resulted in an increase in total Ca V 1.3 protein.
Finally, to quantify the increase in Ca V 1.3 expression in transgenic mice, Western blots were performed on whole-brain samples (including cortex and hippocampus, but not cerebellum) from five Ca V 1.3HA mice and five WT littermates. Blots were probed with anti-Ca V 1.3 (which will detect both transgenic protein and endogenous protein) and with anti-␤-actin (to serve as a loading control). The resulting blot was subjected to densitometric analysis using ImageJ software whereby the pixel density of each protein band (Ca V 1.3 and ␤-actin) was measured. Then the ratio of the Ca V 1.3 band to the ␤-actin band (Ca V 1.3:␤-actin) was normalized to the average Ca V 1.3:␤-actin ratio for all the WT samples. This analysis revealed that there was a significant increase in Ca V 1.3 protein expression in Ca V 1.3HA mice, relative to their WT littermates, of approximately 50% (p < 0.05, Student's t-test; Fig. 2B 2 ) . 3) or against ␤-actin (bottom: rabbit anti-␤-actin) as a loading control. Note that a whole-brain sample from a CaV1.3 knockout (KO) mouse was also included to ensure specificity of the anti-CaV1.3 antibody. B2. Whole brain samples were prepared from five CaV1.3HA and five WT mice. For each animal, the ratio of the CaV1.3 band density to the ␤-actin band density was calculated (ImageJ) and then normalized to the average WT band density. The averaged normalized band density of CaV1.3HA mice was significantly higher than the averaged normalized band density of WT mice (WT = 100.0 ± 9.1%, CaV1.3HA = 146.9 ± 18.0%, *p < 0.05), indicating that CaV1.3HA mice express approximately 50% more CaV1.3 than their WT littermates.
Initial behavioral characterization of the Ca V 1.3HA transgenic mouse line
In addition to the Western blot analysis described above, a separate cohort containing Ca V 1.3HA (n = 13) and WT (n = 18) littermate mice was characterized in a series of standard neurobattery tests to determine whether Ca V 1.3 transgene expression resulted in any overt alterations in exploration, locomotion, anxiety-like behavior, or motor learning.
Open field
The open field test was performed to assess overall exploratory and anxiety-like behavior. Mice were individually placed in the open field for a five-minute trial, during which they were allowed to freely explore the arena while being recorded with LimeLight2 tracking software. Subsequent analysis revealed no difference between groups in the total distance traveled (Fig. 3A 1 ) , suggesting that expression of the Ca V 1.3 transgene did not affect exploratory behavior and that Ca V 1.3HA mice are neither hyper-nor hypomobile. Further, dividing the arena into an "edge" zone (by the arena wall) and "center" zone showed that although both Ca V 1.3HA and WT mice spent significantly more time in the "edge" zone (which is typical behavior for mice, who generally avoid open spaces), there was no difference between genotypes in the amount of time spent in either zone (Fig. 3A 2 ) , suggesting Ca V 1.3HA mice do not exhibit altered anxiety-like behavior.
Light/dark box
While both exploratory and anxiety-like behavior can be assayed in the open field test, the light/dark box is generally considered a more sensitive measure of anxiety. Therefore, the Ca V 1.3HA and WT mice were also assessed in the light/dark box, where each mouse received a five-minute trial during which they were allowed to freely explore the arena while being recorded with LimeLight2 tracking software. Similar to the results from open field, although both Ca V 1.3HA and WT mice spent significantly more time on the dark side compared to the light side of the box (which is also typical behavior for mice, who generally avoid brightly lit spaces), there was no difference between genotypes in the amount of time spent in either the light or dark areas (Fig. 3B 1 ) or in the number of crossings between the light and dark sides (Fig. 3B 2 ) . These data provide further strong evidence that Ca V 1.3HA mice, like WT mice, prefer closed, dark spaces but are willing to explore other areas to a similar extent as their WT counterparts, and thus do not exhibit overor under-exaggerated anxiety-like behavior.
Rotarod
The accelerating rotarod was used to assess both gross locomotor function as well as motor learning. Ca V 1.3HA and WT cagemates were placed on a slowly (4 rpm) rotating rod, separated by dividers. Over a 5-min (300 s) period, the rotation speed accelerated from 4 to 40 rpm, and the latency to fall off the rod was recorded. Mice were given 5 trials in 1 day, with an inter-trial interval of approximately Fig. 3 . Neurobattery characterization of CaV1.3HA and WT littermate mice. A. CaV1.3HA (n = 13) and WT (n = 18) littermate mice were placed individually in an open field for five minutes and the total distance traveled (A1) and percent time spent in the center and edge zones (A2) was recorded. There was no significant difference between groups in distance traveled (p = 0.06) or the time spent in each zone (p = 0.99), although both groups significantly preferred the edge zone to the center (p < 0.0001 for both groups). B. Mice were placed individually in a light/dark box for five minutes and the percent time spent in the light and dark areas (B1) as well as the number of crossings between the light and dark sides (B2) was recorded. There was no significant difference between genotypes in the number of crossings (p = 0.26) or the time spent in each area (p = 0.99), although both groups significantly preferred the dark area to the light (p < 0.0001 for both groups). C. Over the course of one day, mice received 5 trials (inter-trial interval = 1.5 h) on the accelerating rotarod and the latency to fall was recorded (max trial length = 300 s). While both groups displayed an increase in latency over the course of training (p < 0.0001 for both groups), indicative of motor learning, there was no difference in performance between CaV1.3HA and WT mice (p = 0.87). D. After completion of neurobattery tests, a subset of mice (CaV1.3HA, n = 8; WT, n = 5) were weighed; no difference in body weight was observed between CaV1.3HA and WT mice.
1.5 h. Performance (latency to fall) on the first trial was not different between genotypes, indicating that Ca V 1.3HA mice have normal gross locomotor function (Fig. 3C) . Additionally, over the course of training, both Ca V 1.3HA and WT mice exhibited a significant increase in latency to fall, but their performance was not different from each other, which demonstrates that mice in both groups display normal motor learning. These results are consistent with our Western blot analysis showing that expression of the transgenic protein was restricted to the forebrain by the ␣CamKII promoter as the cerebellum is critically involved in both locomotor performance and motor learning. Finally, because body weight can affect motor performance and differences may occlude the observation of a behavioral phenotype, a subset of mice used in neurobattery experiments were weighed after completion of the rotarod task (Fig. 3D) . There was no significant difference in weight between the Ca V 1.3HA and WT mice, further suggesting that expression of the Ca V 1.3 transgene does not result in any gross physical defects or deficits in motor function.
Discussion
The transgenic model of an aged brain presented here has several distinct advantages over obtaining aged mice from suppliers or aging mice in-house. Perhaps the most practical concerns are cost and time. Buying aged mice from suppliers is often prohibitively expensive, and while aged mice can be obtained from some institutions at little to no cost (e.g. National Institute on Aging), there are restrictions on the number of mice available to investigators. Further, only wild-type mice are available, so it is not possible to use these resources to examine aged mice that have been genetically modified or treated with pharmacological agents. Instead, researchers must bred their own mice, or at least obtain transgenic or treated mice at substantially younger ages, and then age them in their own facilities, which requires paying per diem costs for mouse housing and husbandry (typically $0.70-$1.00 a day per cage) that can exceed $500 for a single cage of 24-month old mice. This cost is compounded by the fact that not all mice will survive to the 24-month mark, thus requiring an additional allocation of mice (often 50% or more of the total number needed for the experiment) simply to account for mouse mortality. Considering that each experiment therefore requires 5-10 cages of mice per condition, the total cost for one experiment can easily exceed several thousand dollars. Additionally, breeding mice to be used for studies that involve aging, by definition, takes many months or years so it can be difficult and time-consuming to test different experimental manipulations. Therefore, using a transgenic model of an aged brain means that mice can be used at much younger ages, saving time and money, as well as allowing a greater extent of freedom in investigating multiple experimental manipulations.
Of course, "aging" is a complicated and multifaceted process, comprising myriad changes in the body and the brain. Because studying only one aspect of aging in isolation does not reproduce the entire aging milieu, it may be argued that this approach will yield limited insight into the function of the aged brain. However, precisely because "aging" encompasses a large number of variables, even with well-controlled experiments that focus on individual aspects, it is difficult to enumerate the relative contribution of distinct mechanisms to age-related alterations and to elucidate potential therapeutic targets that may ameliorate declines in function. For example, there is substantial interest in identifying mechanisms that contribute to age-related cognitive decline -especially impairments in learning and memory -which has been repeatedly demonstrated in humans, non-human primates, and rodents [4, 49] . In elderly human subjects, cognitive capacity can be determined using a wide variety of assessment tools [50] , but most utilize verbal assessment (e.g. mini mental state exam). In contrast, almost all of the behavioral tasks that have been developed to study cognition in animal models like mice require some form of motor output (or suppression of motor output). Although we and others typically go to great lengths to control for deficits in motor ability and/or alterations in emotional reactivity, it is difficult if not impossible to completely remove the inherent confounds of using aged animals on the interpretation of cognitive performance. Therefore, the lack of any phenotypic deficits in the neurobattery of the Ca V 1.3HA mice compared to their WT littermates represents an important advantage of this model in that future studies utilizing these mice will not be confounded by other age-related changes that may confuse or obscure the interpretation of experimental results in the context of cognitive function.
One of the biggest advantages of the Ca V 1.3HA transgenic mouse line is that it can be combined with other mouse models that emulate distinct aspects of normal aging or pathology to investigate the impact of an aged brain in a variety of conditions. For example, advancing age is the leading risk factor for many neurodegenerative disorders, including Alzheimer's disease (AD), Parkinson's disease (PD), and Huntington's disease (HD) [51] [52] [53] . However, because of the time and cost of aging animals to time points that would be comparable to the average age of disease onset in humans (e.g. approximately 2 years or more in rodents), many studies utilize genetic models of disease that are designed to be aggressive and manifest at relatively young ages (e.g. 2-6 months in rodents), which then lack important aspects of the aged phenotype that may fundamentally contribute to the disease in humans. While this approach has provided important information about some of the mechanisms involved, it remains likely that the brain environment (i.e. a "young brain" versus an "aged brain") substantially impacts the initiation, progression, and cognitive outcomes associated with these diseases. Thus, using the Ca V 1.3HA mouse line as a background on which to investigate the cellular and molecular mechanisms will likely provide a more representative and comprehensive understanding of these diseases. In addition, transgenic mouse models that mimic different age-related insults, such as an increase in reactive oxygen species (ROS) [54] [55] [56] , changes in vascular function [57] [58] [59] [60] , or disrupted cholinergic signaling [61] [62] [63] [64] , could be crossed with Ca V 1.3HA mice to investigate the impact of interactions between different age-related alterations on cognitive outcomes. Taken together, the Ca V 1.3HA transgenic mouse line represents a significant step forward in the development of methodologies that will allow consideration of crucial aspects of the aged brain on both "normal" aging and in pathological conditions, improving our understanding of these processes and elucidating potential therapeutic interventions to ameliorate age-related cognitive decline.
Conclusions
We have successfully generated a novel transgenic mouse line in which expression of the L-VGCC subtype Ca V 1.3 is increased by approximately 50% in forebrain tissue, which mimics a key aspect of the aged brain. Notably, the transgenic Ca V 1.3 protein includes a surface-expressed HA epitope, which allows endogenous Ca V 1.3 to be distinguished from transgenic Ca V 1.3 protein. Importantly, mice positive for the transgene (Ca V 1.3HA mice) exhibit no gross exploratory, locomotor, or non-cognitive deficits compared to their WT littermates, suggesting that their performance in behavioral tasks can be successfully assessed without being impacted by other age-related pathologies. Thus, Ca V 1.3HA mice represent a promising model that will facilitate studies in which age is an important factor without the time, expense, and additional confounds associated with directly aging animals. We anticipate that the use of Ca V 1.3HA mice in future studies, either independently or in concert with other transgenic mouse models, will provide new insights into the mechanisms underlying the disruption of cognitive function that occurs with "normal" aging or in combination with other age-related diseases.
